The identification of self-renewing and multipotent neural stem cells (NSCs) in the mammalian brain holds promise for the treatment of neurological diseases and has yielded new insight into brain cancer [1] [2] [3] . However, the complete repertoire of signaling pathways that governs the proliferation and selfrenewal of NSCs, which we refer to as the 'ground state', remains largely uncharacterized. Although the candidate gene approach has uncovered vital pathways in NSC biology 4-8 , so far only a few highly studied pathways have been investigated. Based on the intimate relationship between NSC self-renewal and neurosphere proliferation 8 , we undertook a chemical genetic screen for inhibitors of neurosphere proliferation in order to probe the operational circuitry of the NSC. The screen recovered small molecules known to affect neurotransmission pathways previously thought to operate primarily in the mature central nervous system; these compounds also had potent inhibitory effects on cultures enriched for brain cancer stem cells. These results suggest that clinically approved neuromodulators may remodel the mature central nervous system and find application in the treatment of brain cancer.
The identification of self-renewing and multipotent neural stem cells (NSCs) in the mammalian brain holds promise for the treatment of neurological diseases and has yielded new insight into brain cancer [1] [2] [3] . However, the complete repertoire of signaling pathways that governs the proliferation and selfrenewal of NSCs, which we refer to as the 'ground state', remains largely uncharacterized. Although the candidate gene approach has uncovered vital pathways in NSC biology [4] [5] [6] [7] [8] , so far only a few highly studied pathways have been investigated. Based on the intimate relationship between NSC self-renewal and neurosphere proliferation 8 , we undertook a chemical genetic screen for inhibitors of neurosphere proliferation in order to probe the operational circuitry of the NSC. The screen recovered small molecules known to affect neurotransmission pathways previously thought to operate primarily in the mature central nervous system; these compounds also had potent inhibitory effects on cultures enriched for brain cancer stem cells. These results suggest that clinically approved neuromodulators may remodel the mature central nervous system and find application in the treatment of brain cancer.
To profile the signaling network of primary cultures of neural precursor cells (NPCs), we screened 1,267 compounds in the library of pharmacologically active compounds (LOPAC) for inhibitors of neurosphere proliferation, as measured by incorporation of the vital dye thiazolyl blue tetrazolium bromide (MTT) (Fig. 1a,b and Supplementary Table 1 online). A Z¢ factor 9 of 0.78 and a Pearson correlation coefficient of 0.981 for replicate screens indicated that the assay was reliable (Supplementary Methods online). 160 compounds that significantly inhibited neurosphere proliferation (P o 0.01) were clustered into groups of known pharmacologic action ( Table 1 and  Supplementary Table 2 online). Known cytotoxic compounds that target essential cellular processes predictably scored as hits in the screen. Unexpectedly, however, many agents that modulate neurotransmission in the dopamine, serotonin, opioid, glutamate, vanilloid and other pathways potently inhibited growth of NPCs. Many of these agents are used in the clinical treatment of neurological disorders and are traditionally thought to act on mature central nervous system (CNS) cell populations. These compounds induced a variety of neurosphere phenotypes, including changes in sphere number, sphere size, and cell-cell or cell-surface adhesion properties, which suggests that an elaborate balance of these signaling pathways dictates NPC fate (Fig. 1c) .
To verify hits from the primary screen, 43 representative candidates were retested at the original screen concentration of 3 mM; of these, 40 (93%) showed significant activity (Po0.05) (Supplementary Table 3 online). Because other neural cell types express and signal through a number of neurotransmitter receptors 10 , we assessed the selectivity and potency of each agent for a normal mouse astrocyte cell line versus NPCs. Dose-response curves were generated for 28 compounds in both neurosphere and astrocyte cultures and used to determine the effective concentration needed to decrease proliferation by 50% (EC 50 ) (Fig. 2a-f and Supplementary Table 3) . A neurosphere selectivity ratio, defined as EC 50(astrocytes) /EC 50(neurospheres) , was determined for each compound and compared with that of known nonspecific inhibitors of proliferation (Fig. 2a-c) . Compounds that had a neurosphere selectivity ratio greater than that observed in these control agents (45.08) were defined as NPC-specific agents (Fig. 2d-f and Table 2) ; 12 of the compounds tested showed high selectivity for NPCs. Notably, the serotonin agonist p-aminophenethyl-m-trifluoromethylphenyl pierazine (PAPP, 14) and the vanilloid receptor ligand dihydrocapsaicin were respectively 702-and 192-fold more selective for normal NPCs than for astrocyte cultures.
Neurospheres are comprised of a heterogeneous population of NSCs and lineage-restricted progenitor cells. To determine whether the inhibitors affected NSC self-renewal, as opposed to proliferation of more committed precursor populations, we analyzed the higher order colony-forming efficiency of treated neurosphere cultures. With the exception of dihydrocapsaicin, representative compounds from the main neurotransmission classes significantly reduced higher order neurosphere formation upon re-culture in the absence of drug (Fig. 2g) . The various inhibitors therefore seem to target the neural precursor pool that is predominantly responsible for sphere formation.
To further delineate the mechanism through which neuromodulatory agents impede expansion of NPCs in culture, we performed timecourse analyses for both cell viability and apoptosis. Unlike etoposide (Fig. 3a) and cycloheximide (data not shown), which have immediate effects on cell proliferation and viability, the neurotransmission modulators PAPP and ifenprodil decreased viable cell numbers only after 2 d post-treatment (Fig. 3a) . Similar delayed-onset effects were observed for butaclamol, p-fluoro-hexahydrosila-difenidol (p-FHHSiD, 8) and carbetapentane (data not shown). Consistently, caspase-3 and caspase-7 concentrations were unchanged after 12 h of PAPP and ifenprodil treatment, but increased significantly (Po0.001) after 2 d of drug treatment (Fig. 3b) . This increase in the apoptotic response of treated cells occurred at concentrations of drugs that did not abolish the initial proliferation or viability of these cells (Fig. 3c) . Finally, expression of the immature NPC marker nestin was substantially decreased after treatment for 2 d with ifenprodil ( Fig. 3d) and PAPP (data not shown). These results suggest that appropriate neurotransmission signaling is required to maintain NSC proliferation, survival and identity.
As gene expression profiles of brain tumors resemble those of normal and embryonic NPCs [11] [12] [13] [14] , agents that inhibit normal neural precursor growth may also inhibit cultures of brain tumors that are enriched for cancer stem cells 1, 2, 11 . We therefore assessed the activity of a subset of NPC-specific inhibitors against low-passage (o4) neurosphere cultures derived from spontaneously formed medulloblastomas in heterozygous patched (Ptch1 +/-) and Ptch1 +/-Trp53 -/-mice 15 . Like their normal counterparts, cancerous NPCs from these tumors grow as spheres in serum-free culture and express the neural precursor marker prominin1 (CD133) (Fig. 4a,b) . The NPC-specific agents also potently suppressed the proliferation of both Ptch1 +/-and Ptch1 +/-Trp53 -/-medulloblastoma precursor cell populations ( Fig. 4c and Table 2 ). Notably, some of these agents were an order of an magnitude more effective in the inhibition of tumor cell growth in vitro than the hedgehog signaling inhibitor cyclopamine 16 . The expansion of normal human NPCs and human glioblastoma cells was also inhibited by neuromodulators (Supplementary Table 4 online). For example, PAPP and ifenprodil had EC 50 values comparable to those of commonly used nonspecific brain tumor chemotherapeutic drugs, such as carboplatin and etoposide. Re-deployment of well-tolerated pharmacologically active agents may thus afford a new generation of chemotherapeutic agents specific for brain tumor stem cells.
As even well-characterized agents may exert biological effects through off-target pathways 17 , we verified that a number of the known receptors for various agents are indeed expressed in both normal and tumor NPCs. The dopamine (DRD2), acetylcholine (M3), NMDA (NR1) and serotonin (5HT-1A) receptors were present in primary and secondary normal mouse neurosphere cultures and Ptch1 +/-tumor neurosphere cultures, as determined by RT-PCR (Fig. 4d) . In addition, we were able to use pharmacological inhibitors as a means to assess whether the growth inhibition caused by the dopamine class of neuromodulators depends on transmission through a known receptor. In one example, (±)-sulpride (17), a D2 dopamine receptor antagonist, was able to competitively rescue the inhibitory effects of the D2 and D3 dopamine receptor agonist bromocriptine (18) , as judged by both colony formation (Fig. 4e,f) and MTT values (data not shown). To further assess the potential for off-target effects of neuromodulators in other classes, we clustered the 160 bioactive agents from the primary screen based on their chemical structures (Supplementary Table 1 ). This analysis demonstrated substantial chemical structural diversity within each of the different neuromodulator classes. For example, the 22 bioactive dopamine agents identified in the screen spanned 10 different structural motif clusters; similarly, the 12 active serotonergic agents covered 10 different chemical clusters ( Supplementary Fig. 1 online) . The observed sensitivity of NPCs to these structurally diverse agents is thus likely to arise through effects on known neurotransmission receptors, as opposed to some unknown coincident target.
The ex vivo and in situ manipulation of NSCs for treating neurological disorders, including brain cancer, will require an understanding of the global signaling network that regulates NSC behavior. Through a chemical genetic approach we have uncovered the existence of a complex functional 'ground state' , whereby NSC proliferation and self-renewal is regulated by numerous signaling pathways (Fig. 4g,h) . Importantly, this cohort includes many neurotransmission pathways previously thought to function only in mature cells of the CNS. Therefore, we infer that NSC proliferation and self-renewal requires an appropriate local environment of neurotransmitter activities, which may be provided by a basal level of autocrine feedback from more committed cells within the neurosphere or even the NSC itself. Indeed, recent studies on individual pathways support the notion that proliferation of different progenitor subpopulations in vivo may respond to dopamine, serotonin, acetylcholine and glutamate 18 . Notably, our chemical genetic profile demonstrates the simultaneous operation of these pathways in NPCs cultured under uniform experimental conditions. This sensitivity of NPC cultures to a spectrum of neuroactive compounds also supports the notion of lineage priming in the NSC compartment, similar to that seen in hematopoietic stem cells 19 .
Though we have yet to definitively identify the precursor subpopulations targeted by each inhibitor identified in the screen, the strong selectivity of many agents for NPCs and primary brain tumor cells suggests that the affected pathways lie high in the hierarchical organization of the neuronal lineage. Indeed, the often complete inhibition of neurosphere proliferation and the effects on secondary replating suggest that stem cells and/or very early progenitor components of the population are affected by these agents. The finding that both inhibitors and activators of specific pathways inhibit neurosphere proliferation (for example, dopamine receptor agonists and antagonists) suggests that a complex signaling landscape dictates NSC fate 20 . We note that the pro-proliferative culture conditions used in the neurosphere assay may have biased the assay against identification of significant numbers of small molecules that stimulate proliferation. A small-molecule activator of embryonic stem cell proliferation has recently been identified 21 , which suggests that analogous screens may succeed in identifying activators of NPC proliferation. The larger P value (of the two experiments) is reported. These differences (at both 2,000 and 1,000 cells per well) were confirmed (two-tailed paired t-test) for cultures treated with PAPP (P 2,000 ¼ 0.02; P 1,000 ¼ 0.008) and apomorphine (P 2,000 ¼ 0.01; P 1,000 ¼ 0.02) in three independent trials.
The unanticipated actions of well-characterized clinical agents on NPCs may account in whole or in part for the observed clinical benefits of these agents and/or the adverse side effects that arise after prolonged therapy. Effective in vivo concentrations of the antiParkinsonian drug apomorphine reach 6-7 mM 22 , which is substantially higher than doses that affect NPCs in vitro. Thus the regulation of NSC proliferation by neurotransmitters may also dictate how the CNS is wired both during development and in the adult brain 23 .
Recent evidence suggests that appropriate GABA stimulation of NPCs is required for the proper integration of neurons in the adult hippocampus 24 . Through structure-activity analysis, we also identified specific chemical substitutions that are important for the bioactivity of these agents in our in vitro system ( Supplementary Figs. 2 and 3  online) . Such modifications to the core chemical structure of many clinically used agents may afford a way to regulate the potentially therapeutic or harmful effects these drugs have on NPCs. In light of the evidence that CNS tumors are maintained by cancer stem cells 1, 3 , which have similarities to normal NSCs 11 , the potent and selective antiproliferative agents identified in this study may presage a new generation of therapeutic agents in brain cancer, although further in vivo testing is required 3 . Notably, a retrospective analysis of cancer incidence in individuals with Parkinson disease revealed a significant reduction in the incidence of brain tumors relative to the expected incidence in the general population 25 ; this correlation may derive from the effect of anti-Parkinsonian drugs on the NPCs from which brain tumors are thought to arise. As the complex NSC ground state we propose is likely to at least in part define the identity of brain tumor stem cells, re-deployment of pharmacologically approved neuroactive agents may provide an immediate and nontoxic means to treat often intractable CNS tumors.
METHODS
Primary embryonic mouse NSC isolation and culture. Isolation and culture of primary embryonic (e14.5) mouse NSCs was performed as previously described in chemically defined NSC medium 26 containing 20 ng ml -1 human recombinant epidermal growth factor (Sigma), 20 ng ml -1 basic fibroblast growth factor (Upstate) and 2 mg ml -1 heparin (Sigma). Cells were fed every 2-3 d 27 .
Secondary mouse NSC neurosphere culture and chemical screens. Before chemical screens and other manipulations, the NSC fraction in culture was Table 2 . expanded by growing freshly dissected cells as primary neurospheres 28 in bulk culture (10 6 cells ml -1 ). After 7 d, primary neurospheres were collected and enzymatically digested for 3 min at 37 1C using Accutase (Sigma), mechanically dissociated with a 1-ml pipette and passed through a cell strainer (Falcon). Viable cells were plated at low cell densities (20 cells ml -1 ) in 96-well plates (Falcon) in a final volume of 100 ml and screened in singlets against the LOPAC library (Sigma) at a concentration of 3 mM (0.03% DMSO). On day 4, each well in the screen was supplemented with an additional 50 ml of fresh mouse NSC medium and another aliquot of the LOPAC library (maintaining the final concentration of each compound at 3 mM). Secondary neurosphere cultures were then incubated for an additional 3 d (until day 7), at which point the effect of each compound was assessed by quantifying the total proliferation of each well using the incorporation of the vital dye MTT (Sigma) as previously described 29 .
Statistical analysis for chemical screen. Background plate effects (Supplementary Methods) occurring from the evaporation of medium over the course of the experiment were estimated by: To calculate significance (z score and P value), the theoretical probability density function N(1.0, 0.11) was fitted to the empirical normalized distribution obtained from the screen (Supplementary Methods). Compounds that caused optical density readings to significantly deviate from this predicted underlying distribution function (P o 0.01) were designated as bioactive 31 .
Dose-response curves and EC 50 calculations. Potency of confirmed bioactive compounds was quantified by generating dose-response curves for mouse NSC under the same cell density and culture conditions described for the initial screen. Starting from initial concentrations between 300 and 30 mM, each compound was titrated across a series of ten half-log dilutions. Each agent was tested in triplicate in at least three independent experiments. EC 50 values for each agent were calculated by fitting the data points to the four-parameter logistic sigmoidal dose-response curve:
Y ¼ EC 100 + EC 0 À EC 100 1 + 10 logðEC50ÀXÞðHillSlopeÞ where X is the logarithm of concentration and Y is the predicted response. Curve fitting was performed with GraphPad Prism software (GraphPad Software, Inc.).
Note: Supplementary information and chemical compound information is available on the Nature Chemical Biology website.
